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SUMMARY 

A wind-tunnel investigation of the abort-separation character is t ics  w a s  
made of a conceptual design of a parallel-staged reusable launch vehicle sys- 
tem. The launch vehicle consisted of a winged reusable f irst  stage, a winged 
reusable second stage, and a third-stage winged reusable spacecraft with an 
expendable space-maneuvering propulsion package. 
rations were separated fromthe upper surface of the first stage. The first- 
and upper-stage configurations were separately mounted on six-component balances 
and f o r  t h i s  investigation were maintained essent ia l ly  p a r a l l e l  t o  each other 
and at the same longitudinal position. 
ducted at Mach numbers from 0.60 t o  1.20, at  angles of a t tack from approximately 
-5' t o  170, and f o r  spacing distances based upon the equivalent base diameter of 
the f i rs t -s tage fiselage of 0.25 t o  1.45. 

Various upper-stage configu- 

The wind-tunnel investigation was  con- 

The results show tha t ,  fo r  the f i r s t  stage, abort separation at the  Mach 
numbers of t h i s  investigation generally incurred s ignif icant  changes i n  both 
the l i f t -curve slope and the longitudinal s t a b i l i t y .  
f igurations,  abort separation generally incurred extremely large decreases in  
both the lif't-curve slope and the longitudinal s t a b i l i t y .  
as s m a l l  as 2O, the  upper-stage configurations with the  second-stage wing on 
became extremely unstable. 
a c t e r i s t i c s  of both the first- and upper-stage configurations were dependent on 
Mach number, upper-stage configuration, spacing, and angle of attack. The mag- 
nitude of these changes could present potent ia l ly  hazardous stabil i ty and con- 
trol problems f o r  both the  first and upper stages during an abort-separation 
maneuver, especially i f  separation occurred at high dynamic pressures. 

For the  upper-stage con- 

A t  angles of a t tack 

The changes i n  the  l i f ' t  and pitching-moment char- 

INTFtOWCTION 

During the past  several  years some in t e re s t  has been shown i n  reusable 
launch vehicle systems. 
vehicle stages having fixed wings or lifting-body shapes and mounted pa ra l l e l  

Many of the systems have consisted of two o r  more 

%it le, Unclassified . 



t o  each other. Because of t h i s  in te res t  i n  parallel-arranged stages fo r  reusa- . .  
b le  launch vehicle systems, the Langley Research Center is  conducting investiga- 
t ions  t o  ascertain the aerodynamic character is t ics  at  conditions representative 
of launch, recovery, stage separation, and abort separation. References 1 t o  4 
present longitudinal and l a t e r a l  aerodynamic resu l t s  a t  Mach numbers from 0.6 
t o  6 .o for  one concept of a parallel-staged horizontal-take-off horizontal- 
landing reusable launch vehicle system. Reference 5 presents r e su l t s  f o r  the 
same vehicle a t  Mach numbers from 3.00 t o  6.00 which simulate stage- and abort- 
separation conditions. 

- 4  

The purpose of the present paper i s  t o  extend the range of data f o r  S W -  

l a t ed  abort conditions t o  the transonic and subsonic ranges. The resu l t s  
obtained are  employed t o  examine the physical phenomena associated with one mode 
of separation. 
the conditions t h a t  both major components (the f i rs t -s tage configuration and the 
upper-stage configuration) remain essent ia l ly  pa ra l l e l  t o  each other and at  the 
same longitudinal position. These l imitations were imposed i n  order t o  reduce 
the number of variables fo r  the i n i t i a l  abort-separation investigation. Other 
modes of separation such as variable incidence and/or longitudinal displacement 
were not considered herein. 

The present investigation w a s  limited, as w a s  reference 5 ,  t o  

Tests were conducted on a 1/75-scale model of the launch vehicle ( r e f s .  1 
t o  5 )  i n  the Langley 8-foot transonic pressure tunnel at Mach numbers from 0.60 
t o  1.20 and at angles of a t tack from approximately -5' t o  l 7 O .  The two major 
components were individually mounted t o  measure forces and moments fo r  spacing 
distances based upon the equivalent base diameter of the f i r s t - s tage  fuselage 
of 0.25 t o  1.45. 
from approximately 3.16 x lo6 (0.96 x 106) at a Mach number of 0.60 t o  
4.22 X lo6 (1.29 x 106) at  a Mach number of 1.20. 

The average t e s t  Reynolds numbers per foot (per meter) varied 
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The aerodynamic character is t ics  for  the f i r s t -  and upper-stage configura- 
t ions have been referred t o  the  s t a b i l i t y  axes. The moment reference center 
f o r  both the f i r s t -  and upper-stage configurations w a s  12.47 inches (31.67 cm) 
forward of the base i n  the stage-separation plane ( f i g .  l ( b ) ) .  
coeff ic ients  f o r  the first stage are  based on the  geometry of the f i r s t - s tage  
wing, whereas t h e  aerodynamic coefficients f o r  t he  upper stages are based on 
the geometry of the  second-stage wing. The physical quant i t ies  defined i n  t h i s  

The aerodynamic 

given i n  both the U.S. Customary System of Units and the Internat ional  
Units (SI).  Factors re la t ing the two systems are  given i n  reference 6. 

L i f t  l i f t  coefficient, - ss 

Drag drag coefficient, - 
qs 
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Pitching moment pitching-moment coefficient,  qse 

loca l  chord, f% (m) 

reference mean aerodynamic chord based on reference wing area, 
1.222 f t  (0.3725 m )  f o r  f i rs t -s tage configuration and 0.707 f t  
(0.2136 m) f o r  upper-stage configurations 

equivalent base diameter of f i r s t - s tage  fuselage, 0.320 ft (0.0975 m) 

spacing between f la t  upper surface of f i r s t  stage and f l a t  lower sur- 
face of second stage (see f i g .  l ( b ) )  

free-stream Mach number 

free-stream dynamic pressure, - 
sq f t  

Reynolds number, f t - l  (m-1) 

reference wing area, 1.222 sq f t  (0.1135 m2) f o r  f i rs t -s tage configu- 
ra t ion and 0.522 sq f t  (0.0485 m2) f o r  upper-stage configurations 

location of center of pressure forward of base of f i r s t -  or upper- 
stage configuration 

angle of a t tack (referred t o  stage-separation plane), deg 

nondimensional spacing, based upon equivalent base diameter of f irst-  
stage fuselage 

nondimensional location of center of pressure, based upon equivalent 
base diameter of f irst-stage fuselage 

incremental change i n  l i f t  coefficient due t o  interference, 

(cL) h/d - (cL) h/d- 

a m  incremental change i n  pitching-moment coefficient due t o  interference, 

(cm) h/d - (Cm> h/d- 

X 
A -  cp incremental change i n  center-of -pressure location due t o  interference, d 

(?)h/d - ( xcp d )h/d- 
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Subscripts: 

I f i rs t -s tage configuration 

I1 upper-stage configurations 

Component designations: 

B second-stage fuselage 

W second-stage wing 

F second-stage ve r t i ca l  f i n s  

M maneuver propulsion package 

S spacecraft and adapter fa i r ing  

S' forebody f a i r ing  

DESCRIPTION OF MODEL 

The complete launch vehicle, which was ident ical  t o  the model i n  refer-  
ences 1 and 2, and i ts  components a re  shown i n  figure 1. The launch vehicle 
consisted of a winged reusable first stage with a canard, a winged reusable 
second stage, and a third-stage winged reusable spacecraft with an expendable 
space-maneuvering propulsion package. 
tandem, and t h i s  combination w a s  placed pa ra l l e l  t o  the  first stage. 
ure l ( b )  shows the re la t ive  positions of the  f i r s t - s tage  reusable booster and 
the upper stages f o r  the present investigation. 
i n  tab le  I, and photographs showing the f i r s t - s tage  reusable booster separated 
from various upper-stage configurations a re  shown i n  figure 2. 

The two upper stages were arranged i n  
Fig- 

Model dimensions are presented 

First-Stage Reusable Booster 

The f i rs t -s tage reusable booster consisted of a semicylindrical fuselage 
with an ogival forebody, a de l ta  canard, and a de l t a  wing with trapezoidal ver- 
t i c a l  f i n s  mounted outboard on nacelles ( f i g .  1( c ) ) . The wing had a leading- 
edge sweep of 70' and was a symmetrical wedge t o  the 40-percent-chord s t a t ion  
with a constant maximum thickness of 0 . 0 5 0 ~  rearward t o  the 85-percent-chord 
s ta t ion.  A wedge or  boa t t a i l  on the lower surface of the wing extended from 
the 85-percent-chord s ta t ion  t o  the wing t r a i l i n g  edge. The 
wing was f l a t  on the upper surface rearward of t he  40-percent-chord s t a t ion  t o  
allow mating with the second-stage wing. 
angle of Oo. The requirement of a f la t  upper surface resulted i n  a wing dihe- 

7 percent of t h e  t o t a l  area of the  f i r s t - s tage  wing. 

(See f i g .  l ( d )  . ) 
The wing was set at an incidence 

dra l  angle of about % 10 . The exposed area of the canard was  approximately 
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4 "  

The ve r t i ca l  f i n s  were located at two-thirds of the wing semispan. 

The ve r t i ca l  f i n s  had a panel 

The 
t o t a l  f i n  area, which w a s  equally distributed above and below the wing, was 
approximstely 15 percent of the t o t a l  wing area. 
aspect r a t i o  of 1.15 and a taper r a t i o  of 0.5. 
with a parabolic nose and were considered t o  house the  flyback engines. The 
nacelles formed the  juncture between the f i r s t - s tage  wing and ve r t i ca l  f ins .  

The nacelles were cylindrical  

Second-Stage Reusable Booster 

The second-stage reusable booster consisted of a cylindrical  fuselage and 
a trapezoidal wing with two outboard-mounted ve r t i ca l  f i n s  located at two-thirds 
of the wing semispan. The fuselage incorporated a side f a i r ing  which extended 
ver t ica l ly  from the center l i ne  of the  second-stage fuselage t o  the upper sur- 
face of the f i rs t -s tage fuselage. The wing thickness was chosen t o  achieve a 
t o t a l  p rof i le  thickness of 0 .065~ (based on the chord of the f i rs t -s tage wing) 
when the first- and second-stage wings were mated. 
upper surface of the second-stage wing formed a coplanar surface with the first- 
stage wing. 
wing t o  form a constant leading-edge radius ident ica l  t o  tha t  of the first- 
stage wing. 
reduce the  interference during launch. The second-stage ve r t i ca l  f i n s  were 
almost ident ica l  t o  the f i rs t -s tage ver t ical  f ins ,  but only the upper element 
w a s  employed. 

The forward 0 . 4 0 ~  of the 

A portion of the leading edge w a s  removed f romthe  second-stage 

The purpose of t h i s  arrangement w a s  t o  f a i r  the wings together t o  

Orbital Stage 

The spacecraft was a wing-body configuration with wing-tip-mounted ve r t i ca l  
f i n s  ( f ig .  l (e ) ) .  
lower surface of the  wing, and the span (including ve r t i ca l  f i n s )  was approxi- 
mately equal t o  the width of the  f i rs t -s tage fuselage. 
spacecraft on the launch vehicle was removed f o r  t h i s  investigation. 
f i g .  l ( b ) . )  

The spacecraft wing was unsymmetrical with the camber on the 

A pad t o  support the 
(See 

The maneuver propulsion package was an expendable rocket booster designed 
as a short  cylinder with the same diameter as the second-stage fuselage and 
incorporating the same type of side fair ing as the second-stage fuselage. When 
the model was tes ted  without the maneuver propulsion package, the spacecraft 
was moved rearward t o  connect direct ly  with the  second-stage fuselage. !Chis 
configuration was considered t o  meet the  requirements f o r  a type of mission i n  
which no appreciable in-orbit maneuvering capabi l i ty  i s  needed. 

A forebody f a i r ing  was tes ted  in place of the spacecraft and adapter 
fa i r ing,  f o r  which case the configuration w a s  considered t o  place a b a l l i s t i c  
payload in to  orb i t .  
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APPARATUS AND TESTS 

The present investigation was conducted i n  the Langley 8-foot transonic 
pressure tunnel at Mach numbers from 0.60 t o  1.20, at angles of attack from 
approximately -5O t o  17O, and f o r  spacing distances based upon the equivalent 
base diameter of the f i rs t -s tage fuselage of 0.25 t o  1.45. 
Mach number of the average t e s t  Reynolds numbers i s  shown i n  figure 3 .  

The var ia t ion w i t h  

Separate s t ing supports were provided f o r  the first- and upper-stage con- 
figurations,  with the re la t ive  movement between the configurations being pro- 
vided i n  the ver t ical  plane by the support system t o  which the  s t ings were 
attached. 
configurations remained essent ia l ly  para l le l ,  w i t h  bases alined, throughout 
the  angle-of-attack range. 
moment data were simultaneously obtained f o r  the first- and upper-stage con- 
figurations by use of individual in te rna l  six-component strain-gage balances. 
No  composite configurations, t ha t  is, configurations with the  first stage and 
upper stages connected, were tes ted  i n  the present investigation; data f o r  com- 
posite configurations are  shown i n  reference 2. 

While t h e  spacing distance was varied, the first- and upper-stage 

(See f i g .  l ( b )  . ) S t a t i c  aerodynamic force and 

Boundary-layer t rans i t ion  was fixed on the models w i t h  an 0.1-inch-wide 
(0.25-cm) s t r i p  of No. 80 carborundum grains located at the  ?-percent s t a t ion  
on a l l  surfaces. 
f igurations were corrected f o r  balance and s t ing  deflections under load. The 
drag coefficients of  the f i r s t -  and upper-stage configurations were corrected 
t o  correspond t o  the free-stream s t a t i c  pressures on the base areas of the 
respective fuselages. 

The angle-of-attack data f o r  the first- and upper-stage con- 

Figure 4 shows tha t  the deviation i n  angle of a t tack of the upper stages 
i n  re la t ion  t o  the f irst  stage at a l l  t e s t  Mach numbers became progressively 
larger  as the t e s t  angle of a t tack w a s  increased or  decreased from 0’. This 
deviation was caused by the difference i n  forces and moments on the separate 
balance-sting combinations f o r  the first- and upper-stage configurations. 

PRESENTATION OF RESULTS 

The longitudinal aerodynamic character is t ics  of the f i r s t - s tage  and upper- 
stage configurations i n  the presence of each other are  shown i n  figures 5 t o  16; 
some of the results are summarized i n  figures 17 t o  22. The various upper-stage 
Configurations are ident i f ied by l e t t e r  symbols. (See symbol l i s t  fo r  component 
designations.) An outline of the  contents of the data figures i s  as follows: 

* 

Figure 
Longitudinal aerodynamic character is t ics  of the  complete first stage 

i n  presence of the following upper-stage configurations : L 

BWEMS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
BWFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
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BS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
BWFMS' 9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Longitudinal aerodynamic character is t ics  of the first stage without 
canard i n  presence of BWFMS . . . . . . . . . . . . . . . . . . . . . .  10 

Longitudinal aerodynamic character is t ics  of the following upper- 
stage configurations i n  presence of the complete f irst  stage: 
B W F M S . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
B M S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
BWFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
BS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4  
BWF'MS' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

Longitudinal aerodynamic character is t ics  of BWFMS i n  presence of 
the f i r s t  stage without canard . . . . . . . . . . . . . . . . . . . .  16 

Variation wi th  spacing distance of the incremental changes i n  l i f t  
and pitching-moment coefficients at angles of a t tack of 0' and 6' 
f o r  the complete f i r s t  stage . . . . . . . . . . . . . . . . . . . . .  17 

Variation with spacing distance of the incremental changes i n  l i f t  
and pitching-moment coeff ic ients  at angles of a t tack of Oo and 6' 
f o r  two upper-stage configurations . . . . . . . . . . . . . . . . . .  18 

Variation with spacing distance of the incremental changes i n  center 
of pressure a t  a = 6 O  f o r  the complete f i r s t  stage . . . . . . . . . .  19 

Variation with angle of a t tack of the  center of pressure fo r  the 
complete f i rs t  stage at  various spacing distances . . . . . . . . . . .  20 

Variation with spacing distance of the incremental changes i n  center 
of pressure at a = 6' f o r  two upper-stage configurations . . . . . . .  21 

Variation with angle of a t tack of the  center  of pressure f o r  two 
upper-stage configurations at various spacing distances . . . . . . . .  22 

Schlieren photographs of the complete f i r s t  stage i n  presence of 
the  following upper-stage configurations: 
BWFMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 
BWFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

DISCUSSION 

The r e su l t s  obtained during the present investigation have been divided, 
insofar as practicable,  in to  two principal pa r t s  - the aerodynamic character- 
i s t i c s  of the  f i r s t - s t age  configurations i n  the  presence of the upper-stage 
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configurations and the aerodynamic character is t ics  of the upper-stage configu- 
rations i n  the  presence of the f i r s t - s tage  configurations. 
limited amount of data was obtained fo r  a f i r s t - s tage  configuration other than 
the  complete first stage and because of the complexity of the aerodynamic phe- 
nomena result ing from the  present design concept, the discussion is limited t o  
the sa l ien t  effects of the mutual interferences between the  complete first stage 
and the various upper-stage configurations. Furthermore, since safe and pract i -  
cable separation of the major components i s  considered of paramount in te res t ,  
the pr incipal  focus is  directed toward s t a b i l i t y  and control implications. 

Because only a 
.- 

- -  

First-Stage Characterist ics 

The basic aerodynamic data f o r  the first stage ( f ig s .  5 t o  9)  show tha t  the 
proximity of t h e  several  upper-stage configurations produced marked changes i n  
the  basic longitudinal aerodynamic coefficients.  The aerodynamic characteris-  
t i c s  of the first stage in  the presence of upper-stage configurations have been 
compared with the interference-free aerodynamic character is t ics  (ref. 2 ) ,  and 
it can be seen tha t  the region of s ignif icant  influence of the  upper-stage con- 
figurations on the first stage generally extends beyond the maximum values of 
the test  spacing h/d. 

- Lift . -  The interference during abort separation between the f i r s t  stage and 
the upper-stage configurations with the second-stage wing off ( f igs .  6 and 8) 
had l i t t l e  effect  on e i the r  CL or  l i f t -curve slope throughout the angle-of- 
a t tack and Mach number ranges of t h i s  investigation. However, the interference 
between the  f irst  stage and the upper-stage configurations with the second-stage 
wing on ( f ig s .  5 ,  7, and 9 )  resulted i n  s ignif icant  changes i n  l i f t -curve slope 
from interference-free values. The overal l  changes i n  CL f o r  the first stage 
i n  the presence of the second-stage wing-on configurations at high angles of 
a t tack resulted i n  corresponding angle-of -attack increments as large as 3 O .  

Figure 17 shows l i f t -coef f ic ien t  increment (XL) as a function of vehicle 
spacing at angles of attack of 0' and 6 O .  
t i v e  of the  data at angles of a t tack between 4' and -bo, and the data at  a = 6' 
a re  representative of the data at angles of a t tack  greater than 4'. 
indicates t ha t  the l i f t -coef f ic ien t  increments a re  dependent on upper-stage con- 
figuration, Mach number, spacing, and angle of attack. A t  subsonic speeds and 
at a = Oo, removal of the second-stage wing did not appreciably change the mag- 
nitude of the  l i f t -coeff ic ient  increments. 
at a = Oo, removal of the  wing had a s ignif icant  e f fec t  on the  magnitude of 
these increments. A t  a = Oo ( f ig .  17(a)), the  l i f t -coef f ic ien t  increment fo r  
the  complete first stage i n  the presence of the upper-stage configuration with 
the  second-stage wing on reached a maximum at the  smallest t e s t  spacing 
(h/d = 0.25) .  As h/d was increased, (ACL)~ appeared t o  gradually approach 
the interference-free value ( (XL)~  = 0). A t  a = 6 O  ( f i g .  i7 (b) )  f o r  the  same 
vehicle combination, the l i f t -coef f ic ien t  increment reached a maximum at the  
larger  t e s t  spacings, but it was not c lear  a t  what spacings the interference- 
f ree  value would be reached. 

The data a t  a = 0' are representa- 

The figure 

However, at supersonic speeds and 

. 
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Longitudinal s t ab i l i t y . -  The b a s i c  data  f o r  the first stage in  the presence 
of the upper-stage configurations w i t h  the  second-stage wing off ( f igs .  6 and 8) 
show t h a t  t he  longitudinal s t a b i l i t y  (slope of t he  pitching-moment curves, nega- 
t i v e  f o r  posi t ive s t a b i l i t y )  did not change appreciably with spacing. 
the  interference between these major components resul ted i n  negative displace- 
ment of the  pitching-moment curves. The data fo r  the f irst  stage i n  the pres- 
ence of second-stage wing-on configurations ( f ig s .  ?, 7, and 9 )  show tha t  the 
longitudinal s t a b i l i t y  increased s ignif icant ly  at angles of a t tack  greater than 
4' and at  5he smaller values of 
together with increases i n  
the first stage i n  the  presence of the wing-on configurations may be analogous 
t o  the flow phenomena associated with a s lot%ed f l a p  on a wing, where the slots 
channel high energy air  i n  such a manner as t o  delay flow separation on the 
wing and increase the wing loading. 
believed t o  have delayed flow separation on the f i r s t - s tage  wing and increased 
the  wing loading rearward of the moment reference center; consequently, both 
the  l i f t  and longitudinal s t a b i l i t y  of the first stage increased. 

However, 

h/d. The observed increases i n  s t a b i l i t y  
CL at angles of a t tack  greater  than about 4' f o r  

The presence of t he  second-stage wing is 

Comparison of the  subsonic Mach number data f o r  the  forward spacecraft 
posit ion i n  f igure 5(b) with tha t  i n  figure 6(b)  and of the subsonic Mach nun- 
ber data f o r  the  rearward spacecraft posit ion i n  f igure 7(b) with tha t  i n  f ig-  
ure 8(b)  shows tha t  the magnitude and shape of the  pitching-moment curves i n  
the  range of 
wing-on configuration o r  a second-stage wing-off configuration w a s  used. 
lar  results are  shown f o r  the l i f t  curves. I (See f ig s .  ?(a), 6(a),  7(a), and 
8 (a ) . )  
with t h a t  i n  figure 7(b) or  of the  subsonic Mach number data i n  figure 6(b)  with 
t h a t  i n  f igure 8(b)  shows tha t  moving t h e  spacecraft  c loser  t o  the  moment refer-  
ence center (moving the  spacecraft rearward l.25d) had l i t t l e  e f fec t  on the lon- 
g i tud ina l  s t a b i l i t y  of the  first stage i n  the  range of a 
These results could be anticipated at the  subsonic speeds, since the  exposed 
area of the second-stage wing i s  only approximately 25 percent of the projected 
area of the  first stage,  and the  projected area of the  spacecraft and adapter 
f a i r ing  is  only 12 percent of the  projected area of the  f i r s t  stage.  

a from 4' t o  -4' were nearly the same whether a second-stage 
Simi- 

Furthermore, comparison of t h e  subsonic Mach number data i n  figure 5(b) 

from 4' t o  -4'. 

Examination of schlieren photographs, typ ica l  examples of which are shown 
i n  f igures  23 and 24, indicates t ha t  the f i r s t -order  interference effects  on the  
pitching-moment and l i f t  character is t ics  f o r  the  f i r s t  stage at  s m a l l  angles of 
a t tack  ( i n  t h e  range of from 4' t o  -4') and at Mach numbers greater than 
1.00 w e r e  caused by the impingement of the  shock waves from the  second-stage 
wing and t he  spacecraft on the first stage, and t h a t  only secondary e f fec ts  were 
incurred by subsequent ref lect ions.  The affected area and i t s  location would be 
d i r ec t ly  proportional t o  the  spacing h/d 
tangent of t he  e f fec t ive  shock-wave angle of t he  disturbance caused by the 
upper-stage configuration. Therefore, the differences i n  the  pitching-moment 
And lift charac te r i s t ics  of t h e  f i r s t  stage at Mach numbers grea te r  than 1.00 
caused by changing the  upper-stage configurations (see  f i g s .  5 t o  9) i n  the 
range of 
locat ions would change with the  different upper-stage configurations. For exam- 
ple,  removal of the  second-stage wing would remove area affected by the impinge- 
ment of the shock wave from the wing and therefore increase t h e  l i f t  on the 

a 

and inversely proportional t o  the  

a from 4' t o  -4' could be anticipated,  since the  affected areas and 
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first stage and produce a nose-down pitching moment since the affected area 
would be rearward of the moment reference center.  This r e su l t  can be seen by 
comparison of second-stage wing-on data with second-stage wing-off data i n  f ig-  
ures 5 and 6, respectively, or  i n  figures 7 and 8, respectively.  

The combined interference e f fec ts  of normal-force and pitching-moment coef- 
f i c i e n t s  on the complete f i r s t  stage i n  the presence of two upper-stage configu- 
rations have been indicated i n  f igure 19 by showing the change i n  center of 
pressure with spacing a t  
center of pressure with angle of a t tack  f o r  d i f fe ren t  values of Both 
posi t ive and negative increments i n  center-of-pressure location as large as 1.0 
are  shown i n  figure 19 f o r  the f i rs t  stage i n  the presence of the wing-on con- 
figuration, whereas only negative increments as large as 0.5 are  shown f o r  the 
f irst  stage i n  the  presence of the  wing-off configuration. 

(A 7) are shown t o  vary appreciably with spacing fo r  t he  wing-on configu- 
I 

ration, whereas the values a r e  near ly  constant with spacing f o r  the  wing-off 
configuration. 

a = 6' and i n  f igure 20 by showing the var ia t ion i n  
h/d. 

The values of 

Upper-Stage Characterist ics 

The basic aerodynamic data f o r  the several  upper-stage configurations 
( f i g s .  11 t o  15) show tha t  the  proximity of the  first stage produced large 
changes i n  the  basic longitudinal aerodynamic coeff ic ients .  The r e su l t s  have 
been compared with the  interference-free aerodynamic data superimposed on the 
figures . 
- L i f t . -  The interference e f f ec t s  on upper-stage configurations caused by the 

presence of the f i rs t  stage ( f i g s .  11 t o  15) during abort separation produced 
large decreases i n  l i f t -curve slope at a l l  t e s t  Mach numbers6 A t  the  smaller 
spacing distances i n  the angle-of-attack range from about -4 t o  3', CL is  
shown t o  remain approximately constant, whereas at  angles greater  than 3' and 
a t  the smaller spacings, 
values. 

CL i s  shown t o  decrease t o  zero and then t o  negative 
(See f ig .  11, f o r  example.) 

The incremental changes i n  CL at angles of a t tack of Oo and 6' f o r  upper- 
stage configurations with the  second-stage wing on and off a re  shown i n  f ig -  
ure 18. The l i f t -coeff ic ient  increments f o r  the  upper-stage configurations a re  
dependent on Mach number, upper-stage configuration, spacing, and angle of 
a t tack.  A t  a = 0' the l i f t - coe f f i c i en t  increment f o r  the  second-stage wing- 
on configuration i n  the  presence of the complete f i r s t  stage reached a m a x i m u m  
a t  the smallest t e s t  spacing. As h/d w a s  increased, (L!CL)~. apparently 
approached the  interference-free value ( ( L S ! L ) ~ ~  = 0 ) .  The l i f t - coe f f i c i en t  

increments shown at a = 6' f o r  the  wing-on configuration a re  considerably 
larger  than those shown at  a = 0'. 

Longitudinal s t ab i l i t y . -  The basic data  f o r  the upper-stage configurations 
with the second-stage wing off ( f i g s .  12 and 1 4 )  show t h a t  the presence of the  
f i r s t  stage increased the longitudinal s t a b i l i t y  (slope of the  pitching-moment 
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curves, negative f o r  posit ive s t a b i l i t y )  i n  the  angle-of-attack range from about 
-bo t o  5'. 
configurations became nonlinear at t h e  smaller values of 
the upper-stage configurations with the second-stage wing on ( f igs .  11, 13, 
and 15) show t h a t  the presence of the f i r s t  stage considerably reduced the  
longitudinal s t a b i l i t y  i n  the angle-of-attack range from -4' t o  about 2'. 
angles of a t tack  of 2' and higher, the upper-stage configurations with the  
second-stage wing on became extremely unstable, with the slope of t he  pitching- 
moment curves approaching in f in i ty  at the smaller values of 
indicate tha t  the  upper-stage longitudinal s t a b i l i t y  i s  dependent on Mach num- 
ber, upper-stage configuration, spacing, and angle of attack. 

A t  higher angles of attack, t h e  pitching-moment curves f o r  these 
The da ta  f o r  h/d. 

A t  

h/d. The data 

In  contrast  t o  the resu l t s  for  the f i r s t  stage, comparison of the data i n  
figures 11 and 12 or  i n  figures 13 and 14 shows tha t  at a l l  Mach numbers the 
magnitude and shape of the  pitching-moment curves were s ign i f icant ly  different  
fo r  the wing-on and wing-off configurations. Similar resu l t s  are shown f o r  the 
l i f t  curves. 

Examination of the  schlieren photographs i n  figures 23 and 24 indicates 
t ha t  t h e  observed changes i n  l i f t  and pitching-moment character is t ics  fo r  the 
upper-stage configurations at  Mach numbers greater  than 1.00 and at  small 
angles of a t tack ( i n  the  range of' a from 4' t o  -4') were probably caused by 
the first re f lec t ion  of the disturbances generated by the upper-stage configu- 
ra t ion coupled with the  primary disturbances from the  f i r s t  stage.  A t  angles 
of a t tack la rger  than about 4' and at all Mach numbers, the  data i n  f igure 11, 
f o r  example, indicate  some form of progressive blanketing which i s  i l l u s t r a t e d  
by the  decrease i n  l i f t -curve  slope t o  zero and then t o  negative values at 
almost a l l  spacing distances. 
the upper-stage configuration being i n  the  f i r s t - s t age  wake or  downwash f i e l d ,  
which causes a reduction i n  the effective angle of a t tack of the upper-stage 
configuration together with a reduction i n  the  energy of the  flow (low loca l  
dynamic pressures) from free-stream conditions. 

This blanketing e f fec t  i s  probably caused by 

The combined interference effects  of normal-force and pitching-moment coef- 
f i c i en t s  f o r  second-stage wing-on and wing-off configurations i n  the  presence of 
the f i r s t  stage have been shown i n  figures 21 and 22 i n  a representation ident i -  
c a l  t o  t h a t  presented i n  figures 19 and 20 f o r  the  f i r s t  stage i n  the  presence 
of the upper-stage configurations. Figure 21 shows t h a t  posi t ive increments i n  
center-of-pressure location as large as 4.0 occurred at f o r  both the 
wing-on and wing-off configurations. For e i t h e r  t he  wing-on or wing-off con- 

figuration, the  values of (A %) are shown i n  f igure 21 t o  reach a maximum 

at the  smallest t e s t  spacing and then rapidly approach the  interference-free 
value. 

a = 6' 

I1 

CONCLUDING REMAFKS 

A n  investigation has been conducted i n  the  Langley 8-foot transonic pres- 
sure tunnel t o  ascer ta in  some of the  low-speed abort-separation aerodynamic 
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characterist ics of a parallel-staged reusable launch vehicle. 

and a third-stage winged reusable spacecraft with an expendable space- 
maneuvering propulsion package. Various upper-stage configurations were sepa- 
rated from the upper surface of the f i r s t  stage. 
configurations were separately mounted on six-component balances and were main- 
tained essent ia l ly  pa ra l l e l  t o  each other and at the same longitudinal posit ion.  
The wind-tunnel investigation was  conducted at Mach numbers from 0.60 t o  1.20, 
at angles of attack from approximately -5' t o  lTo,  and f o r  spacing distances 
based upon the equivalent base diameter of the f i rs t -s tage fuselage of 0.25 
t o  1.45. 

The launch vehi- 
c l e  consisted of a winged reusable f i rs t  stage, a winged reusable second stage, ' 6  

. b  The f i r s t -  and upper-stage 

For the first stage, abort separation over the Mach number range of t h i s  
investigation generally incurred s ignif icant  changes i n  the l if t-curve slope 
and the longitudinal s t a b i l i t y .  These changes were found t o  vary rapidly w i t h  
spacing and were also dependent on Mach number, upper-stage configuration, and 
angle of attack. 

For the  upper-stage configurations, abort separation generally incurred 
extremely large decreases i n  both the l i f t -curve slope and the longitudinal 
s t a b i l i t y .  
w i t h  the second-stage wing on became extremely unstable. 
and pitching-moment character is t ics  were found t o  vary rapidly with spacing 
and were a l so  dependent on Mach number, upper-stage configuration, and angle 
of attack. 

A t  angles of attack as small as 2O, the upper-stage configufations 
me changes i n  l i f t  

The present resul ts  indicate tha t  potent ia l ly  hazardous s t a b i l i t y  and con- 
t r o l  problems can be expected f o r  both the first and upper stages during a low- 
speed abort-separation maneuver, especially if separation occurs at  high dynamic 
pressures. The conclusion should not be inferred,  at  t h i s  time, t ha t  separation 
of pa ra l l e l  stages a t  s ignif icant  dynamic pressures is completely impracticable, 
since the present investigation has examined only one method of separation. A 
full assessment of  the f e a s i b i l i t y  of separating p a r a l l e l  stages would require, 
i n  addition t o  measured s t a t i c  aerodynamic data, inclusion of both the dynamic 
and aeroelastic character is t ics  of each major component during separation. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va.,  August 16, 1965. 
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TABLE I.- GEOMETRIC DESIGN CIWWTERISTICS OF MODEL 

First-stage reusable booster: 
Fuselage - 

Length . . . . . . . . . . . . . . . . . . . . .  39.600 i n .  100.584 c m  
Equivalent base diameter . . . . . . . . . . . .  3.839 in .  9.751 cm 
M a x i m u m  height . . . . . . . . . . . . . . . . .  3.203 in .  8.136 c m  
Nose radius . . . . . . . . . . . . . . . . . .  0.160 i n .  0.406 cm 
Base area . . . . . . . . . . . . . . . . . . .  11.567 in2 74.626 cm2 

T o t a l  area . . . . . . . . . . . . . . . . . . .  176.000 in2 1135.482 cm2 
Exposed area . . . . . . . . . . . . . . . . . .  95.70 in2 617.418 cm2 
Span . . . . . . . . . . . . . . . . . . . . . .  16.000 in .  40.640 cm 
Root chord . . . . . . . . . . . . . . . . . . .  22.000 i n .  55.880 c m  

Wing - 

T i p  chord . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . .  
Mean aerodynamic chord . . . . . . . . . . . . .  

Maximum thickness, percent chord . . . . . . . .  
Leading-edge radius . . . . . . . . . . . . . .  
Moment reference center, percent m e a n  

aerodynamic chord . . . . . . . . . . . . . .  
Moment reference center . . . . . . . . . . . .  

V e r t i c a l  f i n s  - 
Area of each f i n  (exposed) 
Height (exposed) . . . . . . . . . . . . . . . .  
T i p  chord . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . .  
Trailing-edge sweep angle, deg . . . . . . . . .  
Leading-edge radius . . . . . . . . . . . . . .  
Length . . . . . . . . . . . . . . . . . . . . .  
Maximum diameter . . . . . . . . . . . . . . . .  
Fineness r a t i o  . . . . . . . . . . . . . . . . .  
Nose radius . . . . . . . . . . . . . . . . . .  
Tota l  area . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . .  
Root chord . . . . . . . . . . . . . . . . . . .  

Wing nacelles - 

Canard - 
Exposed area . . . . . . . . . . . . . . . . . .  
span . . . . . . . . . . . . . . . . . . . . . .  

Maximum thickness, percent chord . . . . . . . .  
Root chord . . . . . . . . . . . . . . . . . . .  
Tip chord . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . .  
Leading-edge radius . . . . . . . . . . . . . .  

0 in.  
5 

70 
0.040 i n .  

14.667 in .  

15 
12.47 in .  

6.400 in2 
1.920 in .  
4.440 in .  
2.220 in .  

60 
29.921 
0.040 in .  

6.637 in .  
0.960 in .  
6.914 
0.160 in .  

35.568 in2  
12.440 in2 
7.200 i n .  
9.880 in.  

0 in .  
5 

70 
0.040 in .  

0 c m  

0.102 cm 
37.254 cm 

31.674 c m  

41.290 cm2 
4.877 cm 

11.278 cm 
5.639 cm 

0.102 cm 

16.858 c m  
2.438 cm 

0.406 cm 

229.471 cm2 
80.258 cm2 
18.288 c m  
25.095 c m  

0 c m  

0.102 cm 

‘ e  

.. 

. 
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TABU I.- GEOMETRIC DESIGN CHARACTERISTICS OF MODEL - Continued 

Second-stage reusable booster: 
; r  Fuselage - 

Length . . . . . . . . . . . . .  
Base area . . . . . . . . . . .  
T o t a l  area . . . . . . . . . . .  
Exposed area . . . . . . . . . .  
span . . . . . . . . . . . . . .  
Root chord . . . . . . . . . . .  
T i p  chord . . . . . . . . . . .  
Maximum thickness, percent chord 
Leading-edge sweep angle, deg . 
Leading-edge radius . . . . . .  
Mean aerodynamic chord . . . . .  
Moment reference center  . . . .  

Equivalent base diameter . . . .  
Wing - 

Vertical  f i n s  - 
Area of each f i n  (exposed) . . .  
Height . . . . . . . . . . . . .  
Root chord . . . . . . . . . . .  
T i p  chord . . . . . . . . . . .  
Leading-edge sweep angle . . . .  
Trailing-edge sweep angle, deg . 
Leading-edge radius . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  

c 

Orbital stage : 
Fuselage - 

Length, including interstage . . . . . . . . . . .  
Diameter . . . . . . . . . . . . . . . . . . . . .  
Interstage base diameter . . . . . . . . . . . . .  
Length of nose cone . . . . . . . . . . . . . . .  
Nose-cone included angle, deg . . . . . . . . . .  
Nose radius . . . . . . . . . . . . . . . . . . .  
T o t a l  area . . . . . . . . . . . . . . . . . . . .  
Exposed area (bottom surface) . . . . . . . . . .  
Root chord . . . . . . . . . . . . . . . . . . . .  
T i p  chord . . . . . . . . . . . . . . . . . . . .  
Maximum thickness, percent chord . . . . . . . . .  
Leading-edge sweep angle, deg . . . . . . . . . .  
Leading-edge radius . . . . . . . . . . . . . . .  
Wing nose radius . . . . . . . . . . . . . . . . .  

Interstage taper, included angle, deg . . . . . .  

Wing - 
Exposed area (top surface) . . . . . . . . . . . .  
s p a n . .  . . . . . . . . . . . . . . . . . . . . .  

16.000 i n .  
2.276 i n .  
4.067 in2  

75.200 in2  
51.700 in2 
9.600 in .  

11.780 in .  
3.852 i n .  
2.800 
58 * 75 
0.040 in .  

8.49 in .  
12.47 i n .  

6.321 in2 
2.082 in .  
4.300 i n .  
2.220 in .  

60 
29.921 
0.040 i n .  

40.640 c m  
5.781 cm 

26.239 cm2 

485.160 cm2 
333.548 cm2 

24.384 c m  
29.921 cm 
9.784 c m  

0.102 cm 
21.565 cm 
31.674 c m  

40.781 cm2 
5.288 cm 

10.922 c m  
5.639 c m  

0.102 cm 

10.080 i n .  25.603 cm 
1.120 i n .  2.845 cm 
2.134 in .  5.420 cm 

1.428 i n .  3.627 cm 

0.160 in .  0.406 c m  

35.2 

35 

23.685 in2  152.806 cm2 
14.852 in2 95.819 cm2 
8.510 in2 54.903 cm2 
4.177 i n .  10.610 cm 
8.827 in .  22.421 cm 
2.648 in .  6.726 c m  

5 
72-5 

0.040 i n .  0.102 c m  
0.160 in .  0.406 c m  



TABLE I.- GEOMETRIC DESIGN CHARACTERISTICS OF MODEL - Concluded . .  

Vert ical  f ins  - L f  

Area . . . . . . . . . . . . . . . . . . . . . . . .  2.405 in2 15.516 C I I ~  

Height . . . . . . . . . . . . . . . . . . . . . . .  1.430 i n .  3.632 (:III 

Root chord . . . . . . . . . . . . . . . . . . . . .  2.648 in .  6.726 ~ I I I  

T i p  chord . . . . . . . . . . . . . . . . . . . . .  0.800 in .  2.032 cm 
Maximum thickness, percent chord . . . . . . . . . .  5 
Leading-edge sweep angle, deg . . . . . . . . . . .  55 
Leading-edge radius . . . . . . . . . . . . . . . .  0.048 in .  0.122 cm 
Lateral  inclination angle , deg . . . . . . . . . . .  3 

Length . . . . . . . . . . . . . . . . . . . . . . .  10.080 in .  25.603 cm 
Maximum width . . . . . . . . . . . . . . . . . . .  2.134 in .  5.420 cm 
Nose radius . . . . . . . . . . . . . . . . . . . .  0.160 in .  0.406 cm 
Wedge included angle, deg . . . . . . . . . . . . .  72.5 

Length . . . . . . . . . . . . . . . . . . . . . . .  4.800 in .  12.192 cm 
Diameter . . . . . . . . . . . . . . . . . . . . . .  2.134 i n .  5.420 cm 

Pad - 

Maneuver propulsion package - 
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(a) Complete upper-stage configuration; h/d = 0.25. L64-3209 
. .  

L-64-3219 
f b )  Upper-stage configuration without the manewer propulsion package; h/d = 1.00. 

Figure 2.- Photographs of various upper-stage configurations separated from the 
complete first stage. 
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( c )  Upper-stage configuration without the  second-stage wing; h/d = 1.50. L-64-3225 

L-64-3211 
(d) Upper-stage configuration with the spacecraft and adapter f a i r i n g  replaced with 

a forebody fairing; h/d = 1.00. 

Figure 2.- Concluded. 
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.. 

Angle of attack of upper stoges,deg 

Figure 4.- Typical angle-of-attack deviation at a l l  t e s t  Mach numbers, due t o  balance and 
s t i n g  def lect ion under load, between the f i r s t - s t a g e  reusable booster and the  upper 
stages .  



(a) Variation of lift coefficient with angle of attack. 

Figure 5.- Longitudinal aerodynamic characteristics of the complete first stage 
in presence of BWFMS. 
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(b)  Variation of pitching-moment coeff ic ient  with angle of attack. 

Figure 5.- Continued. 
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( c )  Variation of drag coeff ic ient  with angle of a t tack .  

Figure 5.- Concluded. 



- .  

( a )  Variation of lift coefficient with angle of at tack.  

Figure 6. - Longitudinal aerodynamic charac te r i s t ics  of the  complete f i r s t  stage 
i n  presence of BMS. 
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(b) Variation of pitching-moment coefficient with angle of attack. 

Figure 6.- Continued. 
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Angle of attack,a,deg 

(c) Variation of drag coefficient with angle of attack. 

Figure 6. - Concluded. 



(a) Variation of lift coefficient with angle of attack. 

Figure 7.- Longitudinal Rerodynamic characteristics of the complete first stage 
in presence of BWFS. 
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(b ) Variation of pitching-moment coeff ic ient  with angle of a t tack.  

Figure 7. - Continued. 
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( c )  Variation of drag coeff ic ient  with angle of a t tack .  

Figure 7.- Concluded. 
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(a) Variation of l i f t  coef f ic ien t  with angle of a t tack .  

Figure 8.- Longitudinal aerodynamic charac te r i s t ics  of t he  complete first stage 
in  presence of BS. 
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(b) Variation of pitching-moment coefficient with angle of attack. 

Figure 8.- Continued. 



( c )  Variation of drag coefficient with angle of a t tack .  

Figure 8 .- Concluded. 
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(a) Variation of lift coefficient with angle of attack. 

Figure 9.- Longitudinal aerodynamic characteristics of the complete first stage 
in Presence of B W ' .  
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(b) Variation of pitching-moment coefficient with angle of attack. 

Figure 9. - C ont inued . 
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( c )  Variation of drag coef f ic ien t  with angle of a t tack .  

Figure 9.- Concluded. 



Arqk of ottock,o.&g 

(a) Variation of lift coefficient with  angle of attack. 

Figure 10.- Longitudinal aerodynamic characteristics of the first stage without the 
canard i n  presence of BWFMS. 
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Angle of attack ,a .deq 

(b) Variation of pitching-moment coefficient with angle of attack. 

Figure 10. - Continued. 
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Angle of attack ,a,deg 

( c )  Variation of drag coefficient with angle of a t tack.  

Figure 10. - Concluded. 
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(a) Variation of lift coefficient with angle of attack. 

Figure 11.- Longitudinal aerodynamic characteristics of BWFMS in presence Of 
the complete first stage. 
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Angle of attack,a,deg 

(a) Continued. 

Figure 11. - Continued. 
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(a) Concluded. 

Figure 11. - Continued. 

46 



(b) Variation of pitching-moment coeff ic ient  with angle of a t tack.  

Figure 11.- Continued. 
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(b)  Continued. 

Figure 11.- Continued. 
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(b) Continued. 

Figure 11.- Continued. 
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( c )  Variation of  drag coefficient with angle of a t tack.  

Figure 11.- Continued. 
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(c) Concluded. 

Figure 11.- Concluded. 
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(a) Variation of lift coefficient with angle of attack. 

Figure 12.- Longitudinal aerodynamic characteristics of BMS in presenc 
the complete first stage. 
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(b) Concluded. 

Figure 12.- Continued. 
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( c )  Variation of drag coef f ic ien t  with angle of a t tack.  

Figure 12.- Concluded. 



c’ 

. 

-6 -4 - 2  0 2 4 6 8 I O  12 14 
Angle of attack .o .W 

(a) Variation of lift coefficient with angle of attack. 

Figure 13.- Longitudinal aerodynamic characteristics of BWFS in presence of 
the complete first stage. 
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(a) Continued. 

Figure 13.-  Continued. 
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(a) Concluded. 

Figure 13. - Continued. 

59 



I I I o m I  

. I 2  

.08 

.04 

E *. 
- 0  E 
Q) 

V 
.- .- 
w- 

5 0 - -.04 
E 

E 2 -.08 
a 

.- 
J= u 
c 

-,I 2 

-.I 6 

-.20 

-.24 

-.28 
-6 - 4  -2 

Angle of attack,a,deg 
c 

( b )  Variation of pitching-moment coeff ic ient  with angle of a t tack .  

Figure 13 . - Continued. 



-.24 

-.28 

, 3 2  

61 

Y 
\ 

t I- I '\ I 
\ 

M.0.80 73 



(b) Continued. 

Figure 13.- Continued. 
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(b) Continued. 

Figure 13.- Continued. 
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(b) Concluded. 

Figure 13 .- Continued. 
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( c )  Variation of drag coeff ic ient  with angle of a t tack .  

Figure 13. - Continued. 
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Figure 13. - Concluded. 
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Angle of ottack.o,deg 

( a )  Variation of l i f t  coeff ic ient  with angle of a t tack.  

Figure 14.- Longitudinal aerodynamic charac te r i s t ics  of BS i n  presence of 
the complete f i r s t  s tage.  
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Anple at attock,a.deg 

(b) Variation of pitching-moment coef f ic ien t  

Figure 14.-  Continued. 
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( c )  Variation of drag coeff ic ient  with angle of a t tack.  

Figure 14. - Concluded. 
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(a) Variation of lift coefficient with angle of attack. 

Figure 15.- Longitudinal aerodynamic characteristics of BWFMS in presence of 
the complete first stage. 
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(a) Continued. 

Figure 15. - Continued. 



Angle of a t t o c k d e g  

( a )  Concluded. 

Figure 15. - Continued. 
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(b) Variation of pitching-moment coefficient with angle of attack. 

Figure 15.- Continued. 
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(b) Continued. 

Figure 15. - Continued. 
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(b) Continued. 

Figure 15. - Continued. 
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(b)  Continued. 

Figure 15.- Continued. 
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Angle of attock,a.dw 

( c )  Variation of drag coefficient with angle of a t tack .  

Figure 15.- Concluded. 
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(a) Variation of lift coefficient with angle of attack. 

Figure 16.- Longitudinal aerodynamic characteristics of Bh2?MS in presence of 
the first stage without the canard. 

79 



(a) Concluded. 

Figure 16. - Continued. 
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(b) Variation of pitching-moment coeff ic ient  with angle of a t tack.  

Figure 16.- Continued. 
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(b) Concluded. 

Figure 16. - Continued. 
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( c )  Variation of drag coefficient with angle of a t tack.  

Figure 16.- Concluded. 
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Figure 17.- Variation with spacing distance of the incremental changes in lift and 
pitching-moment coefficients for the complete first stage in presence of two 
upper-stage configurations. 
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Figure 17.- Concluded. 
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(a) a = o0. 

Figure 18.- Variation with spacing distance of the incremental changes in lift and 
pitching-moment coefficients for two upper-stage configurations in presence of 
the complete first stage. 
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Figure 18.- Concluded. 



Figure 19.- Variation with spacing distance of the incremental changes in center of pressure 
at a = 6' for the complete first stage in presence of two upper-stage configurations. 
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(a) Variation for complete first stage in presence of BWFMS. 

Figure 20.- Variation of the center of pressure with angle of attack for the complete 
first stage in presence of two upper-stage configurations. 
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(b) Variation for complete first stage in presence of EMS 

Figure 20. - Concluded. 
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Figure 21.- Variation with spacing distance of the incremental changes in center of pressure 
at a = 6' for two upper-stage configurations in presence of the complete first stage. 
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( a )  Variation f o r  BWFMS i n  presence of complete first stage. 

Figure 22.- Variation of center of pressure with angle of a t tack  fo r  two upper-stage 
configurations i n  presence of t h e  complete first stage. 
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L-63-19? ( E )  M = 1.03. 

Figure 23.- Schlieren photographs of the complete first stage i n  presence of B W .  a = 0'. 
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(b) M = 1.20. 

Figure 23.- Concluded. 
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Figure 24.- Schlieren photographs of the complete first stage i n  presence of BWS. a = 0'. 
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Figure 24. - Concluded. 
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